Introduction
Austenitic stainless steel is used popularly in industries such as housewares, piping, and vessels because of its excellent corrosion property. After solution-heat treatment, the steel has a fully metastable austenitic microstructure which can be transformed into martensite during an inelastic deformation process. This is proven to be responsible for outstanding mechanical properties such as high strength and excellent ductility in this steel. 1, 2) Some previous studies 3, 4) reported that the martensitic transformation in the steel is considered as an energy-dissipative mechanism occurring at the crack tip of pre-cracked specimen. Thus, fracture toughness of austenitic stainless steel is improved by phase transformation, especially at cryogenic temperature which the transformation is well-promoted. Although many research works [3] [4] [5] [6] [7] focus on fracture-mechanical characteristics of this steel, most of them are conducted at low deformation rate and the impact fracture characteristics have still stud-
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It is considered that the martensitic transformation in austenitic stainless steel is responsible for its high fracture toughness. A mechanism for fracture mechanical characteristics in the steel at higher rate of deformation might become quite complicated because a quick temperature rise may suppress the martensitic transformation as well as thermal softening. An investigation on fracture-mechanical characteristics of austenitic stainless steel at the higher rate and its rate sensitivity is indispensable. Recently, J-integral of 304 austenitic stainless steel is determined by three-point bending tests at various deflection rates. However, the tests carried out on small specimens might derive some errors for its evaluation because the plane strain condition is not ensured for J-integral. Additionally, the validity of the measured J-integral is not confirmed by other fracture parameters and it is obvious that measured value does not become a critical value of J-integral. In this study, J-integral of the steel is evaluated at different deflection rate by three-point bending tests on larger specimens. As a result, a higher value of J-integral is obtained compared with previous investigation on smaller specimens at the same normalized deflection rate. Additionally, the results indicates that the relationship between value of J-integral and normalized deflection rate is roughly a linear function in a semi-logarithmic plot in the range of normalized deflection rate from 4 × 10 − 4 to 10.5/s. The obtained values of the stretch zone width (SZW) are suitable for observation of a positive rate sensitivity of J-integral. Thus, the validity of the results for J-integral is confirmed.
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ied insufficiently. Meanwhile, a mechanism for the impact performance at higher rate of deformation might become quite complicated 8, 9) because a quick temperature rise may suppress the transformation as well as a thermal softening phenomenon. An investigation on fracture-mechanical characteristics of austenitic stainless steel at a high velocity of loading and its rate sensitivity is indispensable.
J-integral defined by Rice 10) is considered as elasto-plastic fracture toughness for the ductile materials. It is reported that the J-integral can be strongly correlated with equivalent fracture strain obtained from small punch tests. 7, 11, 12) To obtain this correlation at room temperature, an equation for the relationship between J-integral and normalized deformation rate should be given. In the recent research works by Iwamoto et al. 13) and Shi et al., 14) the rate sensitivity of fracture toughness in an austenite stainless steel is evaluated by bending tests carried out on relatively-small specimens. This might induce some errors for the evaluation of J-integral because the plane strain condition is not ensured for J-integral. Additionally, the validity of the measured J-integral was not confirmed by other fracture parameters and it might not become a critical J value because the geom-etry independence is not examined.
In the past, fracture characteristics of austenitic stainless steel have been experimentally examined by some researchers. The fracture toughness is evaluated by J IC , which is considered as a fracture criterion refers to crack initiation under plane strain condition, for a series of the steels by using three-point bending tests by Leal 5) and Young, 6) respectively. It is demonstrated that J IC is usually over 100 kJ/m 2 and strongly depends on temperature due to effect of mechanically-induced martensitic transformation. Also, Samuel et al. 15) report that fracture toughness of 316L austenitic stainless steel decreases with an increase in the testing temperature. Shindo et al. 16) evaluate the fracture toughness of 304 and 316 austenitic stainless steel at cryogenic temperature in a high magnetic field by J IC . Some investigations 17, 18) report that J IC of the steel has a good relationship with value of stretch zone width (SZW). Furthermore, an enhancement of the fracture toughness in the relationship with the volume fraction of martensite transformed is discussed through the computational investigation by Iwamoto et al. 3) In this study, bending deformation behavior of precracked specimens made of 304 austenitic stainless steel is investigated experimentally at various deflection rates. The three-point bending tests are conducted in quasi-static condition by an Instron-type conventional material testing machine and in impact loading condition by a drop-weight testing machine. Experimental procedures for the threepoint bending tests are described in detail. Then, J-integral and SZW are determined from obtained testing data at different deflection rates for this steel. The deformation rate sensitivity of J-integral is discussed and compared with previous investigation. 13) Finally, discussions on energyabsorption characteristic and its rate sensitivity in austenitic stainless steel are made.
Methodology

Specimen
The pre-cracked specimens made of 304 austenitic stainless steel provided commercially are used. The dimensions of specimen obeyed the ASTM standard 19) are shown in Fig.  1 . L, B and W are the length, thickness and width of the specimen, respectively, a o is the initial crack length including both the fatigue pre-cracked and the machine notch length. L s is the span length.
After machining, the specimens are heat-treated at 1 323 K during 30 min in an electric furnace and then quenched into cold water. As a result, a microstructure of material with almost fully austenitic phase is obtained as shown in Fig. 2 . The average of grain size is approximately 47 μm.
Determination of J-integral and Stretch Zone
Width The direct current potential drop method 20) is applied to detect the onset of a crack extension. The output voltage is considered to relate directly to area of the crack extension, and the onset point of crack growth is defined by the point that the tendency of a change in the voltage. In this study, a different method with previous studies 13, 14) is applied to evaluate J-integral by following ASTM E1820 19) as,
where E is Young's modulus, ν is Poisson's ratio. They are 193 GPa and 0.333 for this material, respectively. A pl is the plastic component of area under force-deflection curve until the onset point of crack extension. K is stress-intensity factor and calculated as,
where F is external force. L s , B, W, and a o are the dimensions of specimen. The surface of a haft of the pre-cracked specimen after bending deformation is observed by a fractographic analysis taken by a scanning electron microscope (SEM, JEOL, JSM-6510). At relatively-higher magnifications of an image, the stretch zone region exhibits a typical featureless appearance which is easily distinguishable from the region of the fatigue pre-crack or fracture surface.
21)
Experimental Apparatus
The fatigue test for introducing the fatigue pre-crack of specimen is conducted by a fatigue testing machine (Shimadzu Servopulser E200kN). The force is controlled in the range from 1 to 16.5 kN and repeated 10 7 cycles. The limit of upper frequency is 30 Hz based on JIS T0310 standard. The quasi-static three-point bending test is conducted by an Instron-type conventional material testing machine (Shimadzu AG-X250KN). The deflection rate is controlled by using constant crosshead speeds of 0.01, 0.1, 1, 10 mm/s. Deflection is obtained by measuring the displacement of the crosshead of the testing machine.
The impact three-point bending test is carried out by a drop-weight method. In the test, a weight with a mass of 140 kg is freely fallen from a height of 400, 450 and 550 mm. A force sensing block is installed under the center of the jig as same method proposed by Chuman et al. 22) to capture the impact force for longer time by protection of the reflected wave propagating back into the force sensing part. Two strain gages (Kyowa KFG-1-350-D16-11) are glued axisymmetrically at the center of the force-sensing projection and connected with a Wheatstone bridge box by four-active method. The oscillations of voltage signals are filtered by a low-pass filter (NEC San-ei 9B02) before connecting to a digital oscilloscope (Yokogawa DL-1540) via signal conditioner (Kyowa CDV-700A) to amplify the output signals. A system including two optical fiber sensors (Keyence FU-77V) and amplifiers (Keyence FS-V31 and 32) is used to measure the velocity of the weight just before hitting the specimen. Deflection during impact deformation with respect to time is obtained by a high-speed camera (Photron Fastcam-512PCI32K). A linear magnetic scale system is applied to record the displacement of the weight. The deflection rate is calculated from the deflection-time curve by the finite difference method.
Results and Discussion
In order to provide easy understandings on the results, the obtained values of external force, deflection, and deflection rate are normalized. The value of measured external force F is normalized as the ratio of the maximum bending stress at the middle of the specimen to the 0.2% proof stress at room temperature σ 0.2 .
Measured deflection d and the deflection rate  d are normalized by the width of specimen and span length. They are expressed in the following equation /s. The obtained maximum normalized deflection rate is approximately 7, 8.5, and 10.5/s in the dropweight impact tests. In the following discussion, they are used as representative values of normalized deflection rate. For pre-cracked specimens, the determination of the dependence of strain rate on σ 0.2 using for the normalization of force in three-point bending deformation mode is relatively complicated. Moreover, the normalized force-normalized deflection curve is not used directly for the calculation of J-integral. Therefore, value of σ 0.2 at room temperature independent on strain rate is used in this study. Figure 3 shows force-deflection curve and the change in output voltage signals with respected to deflection at normalized deflection rate of 4 × 10 − 2 and 10.5/s in quasistatic and impact conditions, respectively. As can be seen from this figure, the tendency of output voltage signals clearly changes when the crack begins extending and the onset point of crack extension is determined. Tendency of the change in the voltage is different from that in the investigation of Iwamoto et al. 13) because of a difference in the size of specimen. Deflection at the onset of crack extension in quasi-static test and impact test is 12.7 and 12.6 mm, respectively. The deflection in the quasi-static condition is larger than that of previous study 13) at the same normalized deflection rate. Figure 4 shows the normalized force-normalized deflection curve at the different normalized deflection rates. In this figure, circular marks mean the onset point of crack extension at each condition. Although output signals are filtered by the low-pass filter, their small oscillations in drop-weight tests can be observed in this figure. In dropweight impact tests, the normalized deflection at the onset point of crack extension is higher than that at the maximum normalized force. Figure 5 shows the values of normalized force and normalized deflection at the onset of crack extension with respected to normalized deflection rate in a semi-logarithmic plot. In general, at the onset point of crack extension, normalized force increases with an increase in the normalized deflection rate. This result can be explained from the viewpoint of the hardening effect at higher deformation rate. At the same time, almost same values of normalized deflection are obtained for different cases of normalized deflection rate, except for 4 × 10 − 5 /s. This observation is clearly different from that in investigation of Iwamoto et al. 13) which shows a significant increase of deflection at the onset of crack extension in impact tests.
From the obtained results, J-integral is calculated by using above-mentioned equation. The amplitude of oscillation in drop-weighted impact tests seems to be similar and signals of oscillation nearly are sinusoidal as shown in Fig. 4 . Thus, J-integral is calculated from the area below force-deflection curve including the oscillation and the amplitude of the oscillation is not evaluated as an error. Figure 6 shows value of J-integral with respected to the normalized deflection rate in a semi-logarithmic plot until the onset point of crack extension of specimens. Here, the semi-logarithmic plot is used instead of full-logarithmic one to see the rate sensitivity more clearly and discuss on rate sensitivity of J-integral easily. In addition, this kind of presentation makes easier comparisons with other studies. Obviously, at a higher normalized deflection rate, type 304 austenitic stainless steel indicates a higher value of J-integral. A positive rate sensitivity of J-integral can be seen from quasi-static to impact deformation. From this figure, the relationship between value of J-integral and normalized deflection rate is roughly a linear function in a semi-logarithmic plot in the range of investigated normalized deflection rate except for the case of 4 × 10 However, temperature rise in the material at relativelyhigher deflection rate due to adiabatic heating by the inelastic irreversible work may induce the thermal softening effect. This can attribute on the characteristic of the normalized force-normalized deflection curve as well as the onset point of crack extension. Therefore, this logarithmic function in the relationship between value of J-integral and normalized deflection rate might not be assured at a relatively-higher normalized deflection rate. Furthermore, since value of J-integral is related to the value of normalized deflection at the onset point of crack extension, J-integral increases when onset point is delayed. Figure 7 shows a photograph of the microstructure for the determination of SZW at normalized deflection rate of (a) 4 × 10 /s compared with that at normalized deflection rate of 7/s. The value of SZW is 245 μm and 600 μm, respectively.
The relationship between values of the SZW and normalized deflection rate in a semi-logarithmic plot is shown in Fig. 8 . Here, the SZW is normalized by the average grain size of original material. A linear function for this relationship can be observed. In drop-weight impact tests, obtained values of SZW are significantly higher than that in quasistatic tests. This result is suitable for the observation of the positive rate sensitivity in J-integral from quasi-static to impact deformation as above-discussions since it is considered that the SZW is strongly associated with a crack initiation. Moreover, the validity of results for the rate sensitivity of J-integral can be confirmed. Figure 9 shows a comparison of the rate sensitivity of J-integral between previous 13) and present studies measured by the same method to normalize the deflection rate and calculate the J-integral. The sizes of the specimen in the previous and present investigation are different. From the Fig. 9 , the rate sensitivity of J-integral in both studies is similar. In impact tests, values of J-integral in present study Fig. 8 . Relationship between the SZW and normalized deflection rate in a semi-logarithmic plot.
Fig. 9.
Comparison of the rate sensitivity of J-integral between previous study 13) and present study.
are slightly lower than those in previous one because the normalized deflection rates in this investigation are lower. However, a higher value of J-integral can be seen in present investigation compared with previous one at the same normalized deflection rate in quasi-static condition. This can be explained by a difference in the size of specimen. As above discussion, some errors for evaluation of J-integral can be induced in previous study because the plane strain condition is not ensured for J-integral as well as heat capacity related to the thermal softening behavior. Since energy dissipated during the inelastic deformation induces the delay of crack extension, energy absorption of the material is considered to indicate a strong relationship between external force and deflection as well as the crack initiation. In addition, J-integral is related to the difference in energy absorbed during deformation by specimens with an incrementally-increase in a crack length. Consequently, an evaluation of the energy absorption is equivalent to a measurement of J-integral. From the obtained results, it can be inferred that the studied austenitic stainless steel indicates better performance of absorbing energy at a higher normalized deflection rate. A positive rate sensitivity of energy absorption is observed from quasi-static to impact loading deformation.
Although fracture characteristics of this austenitic stainless steel can be determined in experiment, the mechanism for the high performance in impact condition is still unclear. In general, the temperature increases with an increase in the deformation rate. A relatively high temperature might be induced in impact deformation. The higher temperature rise concentrates in a small region near the crack-tip and promotes a localization of deformation at high rate of deformation. Moreover, martensitic phase might be formed in the region surrounding the higher temperature region and thus the work hardening is improved. As a result, the fracture toughness of austenitic stainless steel increases with increasing the deformation rate as experimental investigation in this study. Because of the limitation of the experiments, computational simulation and an evaluation of fracture toughness by a path integral are necessary for further investigations.
Concluding Remarks
In this study, the bending deformation behavior of precracked specimens made of type 304 austenitic stainless steel is investigated at various deflection rates in quasi-static and drop-weight impact tests. J-integral and the SZW are evaluated and then, energy absorption of this steel is discussed. Concluding remarks can be introduced as following.
(1) The steel indicates a positive rate sensitivity of J-integral from quasi-static to impact deformation expressed with a logarithmically-linear function. The obtained values of the SZW, which show significantly higher values in impact drop-weight tests, are suitable for observation of a positive rate sensitivity of J-integral. The validity of the results for J-integral is confirmed.
(2) A higher value of J-integral can be seen in present investigation compared with previous one at the same normalized deflection rate because of a difference in the size of specimen. Some errors for evaluation of J-integral by using relatively-small specimens may be induced in previ-ous study since the plane strain condition is not ensured for J-integral as well as heat capacity related to the thermal softening behavior.
(3) Energy-absorption characteristic of this austenitic stainless steel can be discussed on the basis of the results for J-integral and the SZW. At a higher normalized deflection rate, this steel possesses better energy absorption characteristic and a positive rate sensitivity of energy absorption is observed from quasi-static to impact loading deformation.
